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Is the weak scale natural? This ever pending question makes the search for new
particle production a highly motivated primary goal of the next LHC phase.
These searches may or may not be successful. While waiting for a needed higher
energy collider to extend the direct exploration, the search for signs of new physics
might be confined to indirect tests for quite some time. In a few fully calcula-
ble models, weakly or semi-strongly interacting, we compare the significance to
measure the Higgs couplings versus the electroweak observables.
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1 Introduction
A key structural question keeps pending on the foundations of particle physics and of fun-
damental physics in general: is the weak scale natural? The results of the first LHC phase,
as partly already hinted by previous experiments as well [1], have shown that the proposed
positive answers to this question do not work in the way they were originally thought. To
keep the weak scale and the related Higgs boson mass where they are [2,3], some apparently
accidental relations between different parameters of the proposed extensions of the Standard
Model (SM) have to be invoked, at least at the level of (1÷ 10)%.
At a fundamental level a fine tuning of (1÷10)% to make the weak scale totally insensitive
to what happens at shorter distances, whatever they are, even the Planck scale, does not
look as a serious problem, also because fine tunings of this sort are plentiful in nature. Rather
the serious problem is of practical nature. While in absence of fine tunings we would have
known for sure where and how the signs of new physics should have been seen - and they
have not -, this is no longer the case in the present situation. Confronted with it, several
different attitudes can be and are being taken. Without entering the discussion of pros and
contras for any such attitude1 , here we take the view that it will be in any case crucial
for the entire field to push as high as possible the sensitivity to the signs of “quasi-natural”
theories of ElectroWeak Symmetry Breaking (EWSB), as they may now be called.
An obvious immediate consequence is that the search for the production of new particles,
as expected in such theories, is a highly motivated primary goal of the next LHC phase. Given
the previous recent experience, there are in fact good reasons to think that these searches
will be well in place. The exploration of most part of the sensitive region of parameter space
is actually likely to take place in the relatively early stage of the new LHC phase. Another
thing can be said quite firmly: the lack of signals so far makes it implausible that the LHC
will be able to explore the full features expected in motivated extensions of the SM, if they
are indeed realized.
Here we are concerned with the information that might come from indirect searches of
New Physics (NP) in precision measurements. Such measurements could play a leading role
in a sufficiently long period of time, after a relatively early stage of the new LHC phase,
whatever its findings will be, and before the advent of a needed higher energy hadron collider.
Specifically we have in mind the measurements of the Higgs boson couplings at the LHC and
the improvements in the ElectroWeak Precision Tests (EWPT) that could be done at a new
Z factory, like at an ILC or at TLEP. A different opportunity is offered by flavour physics
experiments but it will not concern us here.
There is no general statement that can be made about the relative importance of Higgs
coupling measurements and EWPT, since it depends upon the models (or the category of
models) under consideration. On the other hand, we find it useful to try to have a sufficiently
broad view of the possible outcomes. To this end we consider three examples in precisely
defined regimes, so as to make possible correspondingly precise statements:
i) A “composite” Higgs boson from a semi-strong SO(5)/SO(4) σ-model [5], linearly
realized;
ii) The Minimal Supersymmetric Standard Model (MSSM) with all s-partners heavy
1See [4] for a possible list and references.
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enough that their presence, real or virtual, does not influence the precision observ-
ables in a significant way;
iii) The Next-to-Minimal Supersymmetric Standard Model (NMSSM) with s-partners equally
decoupled together with the extra scalar doublet orthogonal to the observed states (the
Goldstone or the Higgs bosons) (see [6] for a review).
Our approach is complementary to already existing studies based on effective lagrangians
[7–12], see also [13,14].
Also in view of the current bounds, these models provide a significant representation of
quasi-natural models of EWSB, even though different specific realizations are possible, that
can give rise to different features. The early results of the LHC in its second phase might
clearly point to i) or ii)/ iii), perhaps with some needed integration, or could keep them all
as open possibilities.
2 A “composite” Higgs boson
The model we consider is defined by the Lagrangian [15]
L = 1
2
(DµΦ)
2 − λ(Φ2 − f 20 )2 − V (ϕ, ϕ5), (2.1)
where Φ is a five-plet of real scalar fields, Dµ is the covariant derivative with respect to the
SM gauge group and V (ϕ, ϕ5) is a potential that breaks explicitly the SO(5) symmetry of
the λ-dependent term down to SO(4). Under this SO(4) Φ = ϕ+ ϕ5 where ϕ is quartet, or
a complex doublet under SU(2)L×U(1)Y , and ϕ5 is a SM singlet. In a non-linearly realized
SO(5)/SO(4) σ-model the λ-term is replaced by δ(Φ2 − f 2), where f is the decay constant
of the (pseudo)-Goldstone boson field ϕ. Here we keep a finite coupling λ to increase the
calculability of the model.
With a specific choice of the potential V , e.g. [16]
V (ϕ, ϕ5) = αf
2
0ϕ
2 − βϕ2ϕ25, (2.2)
one can compute the vacuum expectation values of ϕ and ϕ5
〈ϕ〉2 = 2f
2
0 (α− β)λ
β(β − 4λ) = v
2 = (246 GeV)2, (2.3)
〈ϕ5〉2 = f
2
0 (α(β − 2λ)− 2βλ)
β(β − 4λ) , (2.4)
as well as the mass and composition of the two physical scalars in Φ. Let us define
〈ϕ〉2 + 〈ϕ5〉2 = f 20
4λ− α
4λ− β ≡ f
2, (2.5)
so that, when λ → ∞, then f0 → f to recover the non-linear σ-model description. Let us
also define the mass eigenstates (h, σ) by
h = cos θϕ+ sin θϕ5, σ = − sin θϕ+ cos θϕ5, (2.6)
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where we maintain the same notation ϕ for its only physical component. If one insists that
the parameters of the breaking potential, α, β, remain limited as λ grows, the parameters
α, β, λ and f0 can be traded for the more physical parameters v, f and the masses mh, mσ
in a unique way, e.g.
λ =
m2σ +m
2
h
8f 2
. (2.7)
In this way the mixing angle is also uniquely determined by
sin 2θ = −2
√
ξ(1− ξ)m
2
σ +m
2
h
m2σ −m2h
√
1− m
2
hm
2
σ
(m2σ +m
2
h)
2(1− ξ)ξ , (2.8)
where we define as customary
ξ =
v2
f 2
. (2.9)
For large m2σ/m
2
h we have
sin2 θ = ξ − m
2
h
m2σ
+O(ξ
m2h
m2σ
). (2.10)
Had we considered a different SO(5)-breaking potential than (2.2), e.g. V = αf 30ϕ5− βf 20ϕ2
[15], we would have obtained a similar expression except for a factor of 2 in front of the
m2h/m
2
σ correction.
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In a true strongly interacting scenario, one expects the presence of many other resonances.
Here we focus just on the σ particle, because, despite its simplicity, this model provides the
leading contributions to the observables we are interested in, as we are now going to discuss.
The mixing angle (2.8) is the main parameter that determines both the modified Higgs
couplings to the gauge bosons, V = W,Z, as well as the corrections to the ε-parameters of
the EWPT [18]. For the Higgs couplings, normalized to the SM one has,3
ghV V
gSMhV V
= cos θ,
ghhV V
gSMhhV V
= cos2 θ (2.11)
and, for those ones of the σ field,
gσV V
gSMhV V
= − sin θ, gσσV V
gSMhhV V
= sin2 θ. (2.12)
As a consequence, for the εi, i = 1, 2, 3
εi = ε
SM,h
i + cos
2 θε¯i(mh) + sin
2 θε¯i(mσ), (2.13)
where εSM,hi are the total SM contributions but the Higgs exchanges, while ε¯i are the pure
Higgs contributions to the ε-parameters in the SM (see Appendix). We do not consider
2The potential (2.2) can be viewed as the linearized version of the Minimal Composite Higgs Model
MCHM5,10 [17] with SM fermions coupled linearly to composite fields in the fundamental or antisymmet-
ric representation of SO(5), whereas V = αf30ϕ5−βf20ϕ2 represents the linearized version of MCHM4 [5]
with composite fermions in the spinorial representation.
3One can show that, in the mσ → ∞ limit, scattering amplitudes sensitive to the couplings in eq.(2.11)
(e.g. V V → V V, hh) agree with those of the non-linear σ-model [19].
4
1%
2.5%
5%
8% -5. 10
-4
-3. 10-4
-2. 10-4
-1. 10-4
1.0 1.5 2.0 2.5 3.0 3.5 4.0
600
800
1000
1200
1400
mΣTeV
f
G
eV
Figure 1. “Composite” Higgs model. Isoline of |δghV V | (solid) and ∆ε1 (dashed).
modifications of the Higgs-fermions couplings nor the virtual effect of any extra particle
other than the σ-scalar itself.
In the large mσ limit, for the deviations from the SM values ∆εi ≡ εi − εSMi , one gets
∆ε1 = − sin2 θ 3α
8pic2w
[
log
mσ
mh
+ c1(mh) +O(
m2Z
m2σ
)
]
, (2.14)
∆ε2 = sin
2 θ
α
4pic2w
[
c2(mh) +O(
m2Z
m2σ
)
]
, (2.15)
∆ε3 = sin
2 θ
α
24pis2w
[
log
mσ
mh
+ c3(mh) +O(
m2Z
m2σ
)
]
, (2.16)
where numerically for mh = 125 GeV
c1 = −0.57, c2 = 0.10, c3 = 0.62. (2.17)
As noticed in [20], to obtain the values of the finite terms ci, one has to include the correct
dependence of the εi on mh. To this end, it is worth to stress that εi do not only depend on
the vacuum polarization amplitudes entering the usual parameters S, T, U [21], but also on
other form factors that cannot be related to the former (see Appendix).
The outcome of these considerations is represented in Fig. 1, where we show the relative
deviation of ghV V from the SM and the value of ∆ε1 as a most representative quantity in
the EWPT. In all of the (mσ, f) plane, λ is below 3, i.e. in a semi-perturbative regime, with
Γσ < mσ. At LHC the 1σ attainable precision on ghV V is expected to be around 5% after
300 fb−1 and it might be lowered by a factor of about 2 in the High Luminosity configuration
(HL-LHC) [22, 23] with a corresponding reduction of the theory uncertainties4. A precision
below 1% is expected on the other hand in a Higgs factory at an e+e− collider [25]. About
4See [24] for a recent detailed analysis.
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the EWPT, the error on the parameter ∆ε1, currently of (5 ÷ 8)10−4 depending on the
assumptions of the fit [26, 27], might be reduced by more than one order of magnitude at
TLEP [25,28,29].
3 The Next-to-Minimal Supersymmetric Standard
Model
As a relevant representative of a weakly coupled theory, we consider the NMSSM with s-
partners heavy enough that their virtual exchanges do not affect in a significant way the
precision observables of interest here. The reason to consider first the NMSSM than the
MSSM is its formal connection with the model discussed in the previous Section: in the limit
where the extra scalar doublet orthogonal to the observed states (the Goldstone and the
Higgs bosons) is also decoupled, the two residual physical scalars are again an admixture of
an SU(2) doublet H and a real singlet S.5 This admixture is controlled by the rotation of
an angle γ that diagonalizes the scalar mass matrix
M =
(
m2Z(
1−t2β
1+t2β
)2 +
2t2β
(1+t2β)
2λ
2v2 + ∆2t λvM
λvM m2S
)
, (3.1)
where λ is the usual supersymmetric Yukawa coupling of the NMSSM and ∆t lumps the
main radiative correction effects that do no decouple in the heavy s-partner limit. The
diagonalization of this matrix, trading M and mS for the physical masses in the order
mh < mh2 , gives
sin2 γ =
1
m2h2 −m2h
[
2t2β
(1 + t2β)
2
λ2v2 + ∆2t +m
2
Z(
1− t2β
1 + t2β
)2 −m2h
]
. (3.2)
The formal analogy with the previous model makes it such that Eq.s (2.11-2.17) are also
valid here with the replacements θ → γ and σ → h2. The important difference with the
composite Higgs model is that in the NMSSM not only the couplings ghV V but also the
couplings to all the fermions, ghff¯ , are rescaled by a universal factor cos γ relative to the SM
ones.
The impact of all this on the precision observables is shown in Fig. 2 for λ = 0.8, at the
upper border for perturbativity up to the Grand Unified Scale [30, 31], and ∆t = 75 GeV,
compatible with stop masses above 700 GeV. How changes in these parameters would affect
Fig. 2 is clear from Eq. (3.2). In the same figure we also show the currently excluded regions
from the measurements of the Higgs couplings and from the direct search of h2 → ZZ [32].
At LHC a universal rescaling by cos γ of all the Higgs couplings manifests itself in the
signal strengths as an effective branching ratio in invisible channels. The current limit at
95% C.L., sin2 γ < 0.24, should be reduced to sin2 γ < 0.15 after 300 fb−1 of the next
LHC phase, whereas sin2 γ . 0.05 might be attainable at HL-LHC [22, 23]. An absolute
measurement at TLEP of the hZ cross section could increase the sensitivity to sin2 γ at the
1% level or less [25]. Fig. 2 makes clear that the EWPT would have a limited impact on this
model.
5The pseudo-scalar component of the complex singlet is decoupled from the system in presence of CP
conservation.
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Figure 2. NMSSM at λ = 0.8 and ∆t = 75 GeV. Isolines of sin
2 γ (solid) and ∆ε1 (dashed). The
orange region is excluded at 95%C.L. by the experimental data for the signal strengths of h. The
red region is excluded by direct searches for h2 → ZZ [32]. This exclusion above the threshold
h2 → hh depends on the vacuum expectation value of S. Here we take 〈S〉 = 2v.
4 The Minimal Supersymmetric Standard Model
The MSSM with all s-particles sufficiently decoupled is another relevant example of a weakly
coupled quasi-natural theory of EWSB. The CP-even scalar sector is an admixture of two
doublet states: hv, that gets the vacuum expectation value v and its orthogonal combination
h⊥v . For the combination of standard MSSM parameters (µAt)/〈m2t˜ 〉 below unity, the mass
matrix in the (hv, h
⊥
v ) basis is well approximated by
M =
 m2Z(
1−t2β
1+t2β
)2 + ∆2t 2m
2
Z
tβ(1−t2β)
(1+t2β)
2 − ∆
2
t
tβ
2m2Z
tβ(1−t2β)
(1+t2β)
2 − ∆
2
t
tβ
m2A + 4m
2
Z
t2β
(1+t2β)
2 +
∆2t
t2β
 . (4.1)
This time one can trademA and ∆t for the two mass eigenvalues, taken in the ordermh < mH ,
and express in terms of these masses and tβ the mixing angle δ, defined by
h = cos δ hv − sin δ h⊥v , H = cos δ h⊥v + sin δ hv. (4.2)
An expression, accurate for mH & 400 GeV and any value of tβ, is
sin δ = − m
2
h
tβm2H
+
1− t2β
1 + t2β
m2Z
tβm2H
+O(
1
m4H
). (4.3)
From Eq. (4.2) and the fixed form of the supersymmetric Yukawa couplings, all the Higgs
couplings are
ghuu¯
gSMhuu¯
= cos δ +
sin δ
tan β
,
ghdd¯
gSM
hdd¯
= cos δ − tan β sin δ, ghV V
gSMhV V
= cos δ. (4.4)
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Figure 3. MSSM. Isolines of sin δ (solid) and ∆1 (dashed). The line LHC14 gives the 95%C.L.
projected exclusion from the sensitivity on the signal strengths of h at ATLAS and CMS with
300 fb−1. The orange region is excluded at 95%C.L. by current data for the signal strengths of h.
The red region is excluded by CMS direct searches for A,H → τ+τ− [33].
gHuu¯
gSMhuu¯
= sin δ − cos δ
tan β
,
gHdd¯
gSM
hdd¯
= sin δ + tan β cos δ,
gHV V
gSMhV V
= sin δ. (4.5)
The isolines of sin δ in the (tan β,mH) are shown in Fig. 3, together with the currently
excluded regions, at 95%C.L. and within the given assumptions, from the fit of the Higgs
couplings and from the search for A,H → τ τ¯ [33].
To determine the sensitivity to sin δ in the next LHC phase after 300 fb−1 of integrated
luminosity we use the projected uncertainties of the measurements of the signal strengths
of the Higgs boson by ATLAS [34] and CMS [35] given in Table 1 [36]. The corresponding
95%C.L. exclusion line with SM central values is also shown in Fig. 3.
ATLAS CMS
h→ γγ 0.16 0.15
h→ ZZ 0.15 0.11
h→ WW 0.30 0.14
V h→ V bb¯ – 0.17
h→ ττ 0.24 0.11
h→ µµ 0.52 –
Table 1. Projected uncertainties of the measurements of the signal strengths of h at the 14 TeV
LHC with 300 fb−1.
The EWPT observables receive contributions from the complete Higgs system, determined
in terms of sin δ and the masses of all the physical states mh,mH ,mA,mH± . In the formal
limit of large mH ,mA,mH± at fixed sin δ one would obtain the usual “infrared” logarithms
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of the same form as in Eq.s (2.16). However, as seen in Eq. (4.3), sin2 δ vanishes as 1/m4H .
As a consequence the EWPT observables, at mH & 400 GeV, are not dominated by the
mixing effect, as in the previous cases, but by the non-degeneracy of the H,A,H± states,
which gives effects scaling like 1/m2H . The explicit expressions of the ∆εi at leading order in
1/m2H are given in Appendix. Numerically one sees the EWPT do not play any role for this
configuration of the MSSM.
5 Discussion of the results
Although with differences in the different cases, the main conclusion that we can draw, as
emerging from Fig.s 1,2 and 3, is that precision measurements will have something significant
to say for relevant configurations of every model that we have examined. This is particularly
the case for the measurements of the Higgs couplings which will always be able to explore
a significant portion of the different parameter spaces. On the contrary the role of precision
measurements of the EW observables, even pushed at a dedicated Z-factory, appears limited
to the case of a “composite” Higgs boson.
Coming to the individual cases, the key feature that makes the “composite” Higgs model
particularly sensitive to precision measurements, both of the Higgs couplings and of the EW
observables, as shown in Fig. 1, is the possible separation between the symmetry breaking
scale f and the mass of the “composite” resonances, represented in the linear model by the
σ-particle. In spite of the crudeness of the model, adopted for its calculability, the relation
of the scale f with the strength of the linear Higgs couplings to the vectors is not subject
to significant model-dependent corrections [7]. More model dependent in a truly strongly
interacting Higgs boson are the EW observables. Nevertheless the “infrared logarithms”,
which are the main feature in Fig. 1, will anyhow be there [15]. In turn this makes at
least highly unlikely that an improved measurement of, say, the ε1 parameter, at the level
necessary to see an effect like in Fig. 1, could end up being consistent with the SM value.
As in the linear σ-model also the NMSSM can show a mixing of the Higgs boson with an
SU(2)-singlet scalar, with two important, although formal, differences. One is that the mixing
is controlled by the single heavier scale, i.e. the mass of the extra scalar. (See Eq. (3.2)).
The other difference is that this same mixing suppresses all the couplings of the Higgs boson
to the vectors and to the fermions in the same way. These differences are at the origin of
the relatively weaker explorative power in Fig. 2, with respect to Fig. 1, by the precision
measurements. An absolute measurement of the invisible Higgs width would be the key here,
as possible at an e+e− collider [25]. Another possibility is offered by the measurements of the
triple Higgs coupling, with conceivable deviations of relative order unity from the SM [37],
against a 30% 1σ accuracy foreseen at HI-LHC.
The third case that we have examined is the MSSM with s-particles sufficiently heavy
that their virtual exchange does not influence the precision measurements and with the
extra scalars, although heavier than the observed Higgs state, that could be the lightest
new particles around. In this case the key features that makes powerful the measurements
of the Higgs couplings are: i) their distortion by the mixing between hv and h
⊥
v , different for
vectors, the top quark or the bottom/τ ; ii) the dependence of the mixing angle δ on mH and
tan β given in Eq. (4.3) and shown in Fig. 3.
Given the configuration of the models that we are considering, the competitor of the
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precision measurements is the direct search for extra scalars, be they new Higgs particles
or some strongly interacting new states. This is manifest, for example, in Fig.s 2 and 3,
where exclusion regions due to direct heavy Higgs searches are already present. It would be
interesting to know as reliably as possible the future sensitivity of the LHC, including the
high luminosity phase, in the parameter spaces at least of the MSSM and the NMSSM, i.e.
in the planes of Fig.s 2 and 3, where in fact the properties of the extra scalars are precisely
defined. It appears, however, that the precision measurements will anyhow play an important
complementary role.
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A Computation of the ε-parameters
In this Appendix we collect some reference formulae for the ε-parameters in models with an
extra real singlet or an extra SU(2) doublet. We follow the convention of [38]. The vacuum
polarization amplitudes of gauge bosons are
Πµνij (q
2) = −i[Aij(0) + q2Fij(q2)]ηµν + (qµqν−terms). (A.1)
The ε-parameters are related to vacuum polarization amplitudes as [39]
ε1 = e1 − e5 + non− oblique, (A.2)
ε2 = e2 − s2we4 − c2we5 + non− oblique, (A.3)
ε3 = e3 + c
2
we4 − c2we5 + non− oblique, (A.4)
where
e1 =
A33(0)− AWW (0)
m2W
,
e2 = FWW (m
2
W )− F33(m2Z) ,
e3 =
cw
sw
F30(m
2
Z) ,
e4 = Fγγ(0)− Fγγ(m2Z) ,
e5 = m
2
ZF
′
ZZ(m
2
Z),
(A.5)
and sw = sin θw and cw = cos θw, with θw the weak mixing angle. For later convenience we
write each SM ε-parameter (and ei) as sum of two different contributions
εSMi = ε
SM,h
i + ε¯i, (A.6)
eSMi = e
SM,h
i + e¯i, (A.7)
where the second term is the purely Higgs contribution while the first one is the rest. Notice
that with this definition some of the e¯i are individually divergent. In the following we are
interested in the NP contribution, defined as
∆εi = εi − εSMi (A.8)
as well as in ∆ei defined in the same way.
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A.1 Extra real singlet
Following the notation of Section 2, in this case we have
∆ei = sin
2 θ
[
e¯i(mσ)− e¯i(mh)
]
. (A.9)
Any net contribution to ∆ei comes from loop diagrams with the exchange of one vector and
one scalar. The computation relies on the SM expression e¯i, explicitly (see [40])
e¯1 = A1 log
mσ
mZ
+B1 + C1
m2Z
m2σ
+O(
m4Z
m4σ
), (A.10)
e¯2 = C2
m2Z
m2σ
+O(
m4Z
m4σ
), (A.11)
e¯3 = A3 log
mσ
mZ
+B3 + C3
m2Z
m2σ
+O(
m4Z
m4σ
), (A.12)
e¯5 = C5
m2Z
m2σ
+O(
m4Z
m4σ
), (A.13)
where the coefficients are
A1 = − 3α
8pic2w
,
A3 =
α
24pis2w
,
C1 =
3α
8pis2wc
2
w
[
(1− c4w) log
mZ
mϕ
− c4w log cw
]
,
C2 =
−17α
192pi
,
C3 = − 17α
192pis2w
,
C5 =
α
192pis2wc
2
w
.
(A.14)
The Bi’s are mσ-independent divergent terms that cancel out in physical expressions. The
proximity of mh to mZ makes it numerically relevant to include the full mh-dependence in
the e¯i(mh).
A.2 Extra complex doublet
In the notation of Section 4, each ∆ei is the sum of two contributions,
∆ei = sin
2 δ
[
e¯i(mH)− e¯i(mh)
]
+ δei, (A.15)
where the first is the usual term due to modified Higgs couplings, whereas the second comes
mainly from diagrams with exchange of the H,A,H± scalars, which are sensitive to their
splittings.
Notice that δei is not vanishing when sin δ = 0. As an example of this consider that, at
tree-level, m2H± = m
2
A+m
2
W independently of sin δ. This kind of splitting can be traced back
to quartic terms in the scalar potential which feel the EWSB.
Given the expression for e¯i, in the decoupling limit (4.3) the first term of (A.15) is of
order 1/m4H . Therefore only δei gives the leading O(1/m
2
H) contribution to the electro-weak
parameters.
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From an explicit computation of all the relevant diagrams, we find for the MSSM
∆e1 =
α
48pis2w
m2W −∆m2
m2H
+O(
m4W
m4H
), (A.16)
∆e2 = − α
240pic2w
m2W
m2H
+O(
m4W
m4H
), (A.17)
∆e3 =
α
96pis2w
∆m2 − 2m2W
m2H
+O(
m4W
m4H
), (A.18)
∆e4 =
α
120pic2w
m2W
m2H
+O(
m4W
m4H
), (A.19)
∆e5 =
α(1 + t4w)
240pis2w
m2W
m2H
+O(
m4W
m4H
), (A.20)
where we have defined ∆m2 as the O(1/m2H) splitting between m
2
A and m
2
H
∆m2 =
m2h
t2β
+
m2Z(3t
2
β − 1)
t2β(1 + t
2
β)
, (A.21)
as one can check diagonalizing (4.1).
Two main conclusions stem from the above formulae. First, notice that the leading con-
tribution to ∆e1,3 comes from the ∆m
2 splitting, whereas ∆e2 is not sensitive to it and
vanishing in the custodial limit, i.e. ∆e2 (or U) feels ∆m
2 only at O(1/m4H) [41]. Second,
the size of ∆e4,5 is comparable with that of ∆e1,2,3, i.e. with the Peskin-Takeuchi parameters.
Differently from the case of the singlet here also ∆e4 is relevant in the computation of ε2,3
because of the presence of H±. The asymptotic formulae (A.16)-(A.20) are well justified in
most of the parameter space of Fig. 3, where, however, ∆ε1 is computed without making the
large-mH approximation.
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